[1] Several paleomagnetic studies on Carboniferous and Permian sedimentary and volcanic rocks from Sardinia and Corsica have recently demonstrated (1) the tectonic coherence between southern Corsica and northern Sardinia and (2) significant rotations between individual crustal blocks within Sardinia itself. The geodynamic significance of these rotations, however, is not clearly understood mainly because of uncertainties in defining their timing and causes. In order to contribute to these issues, a pioneering paleomagnetic study on Jurassic carbonates from the Baronie-Supramonte region of eastern-central Sardinia has been extended regionally and stratigraphically. A total of 280 oriented drill cores were taken from 44 sites of Middle and Late Jurassic age in the Nurra, Baronie-Supramonte, Barbagia-Sarcidano, and Sulcis regions. Despite generally weak remanent magnetization intensities, on the order of less than 1 mA/m, thermal and alternating field demagnetizations were successfully applied to define a characteristic remanent magnetization component in about 60% of the samples. Site mean directions show rather good agreement after correction for bedding tilt and yield Middle and Late Jurassic overall mean directions of D = 269.7°and I = 45.0°(a 95 = 8.0°, k = 14, and n = 25 sites) and D = 275.5°and I = 50.7°(a 95 = 7.2°, k = 45.3, and n = 10 sites). Positive regional and local fold and reversal tests demonstrate the primary character of the natural magnetic remanence, which is carried by magnetite. These results indicate only insignificant amounts (AE10°) of post-Jurassic rotations within the island of Sardinia. The resulting Middle and Late Jurassic paleopoles (latitude (Lat) = 16.5°, longitude (Long) = 299.1°, dp = 6.4°, and dm = 10.1°and Lat = 23.4°, Long = 301.2°, dp = 6.5°, and dm = 9.7°), corrected for the opening of (1) the Liguro-Provençal Basin and (2) the Bay of Biscay using rotation parameters from the literature, fall near the coeval segment of the European apparent polar wander path. These results constrain the timing of large differential block rotations found in Late Carboniferous-Permian rocks to a pre-Middle Jurassic age and lead us to exclude tectonics related to the Alpine orogeny for such rotations.
Introduction
[2] The Paleozoic to Cenozoic tectonic and geodynamic evolution of Sardinia has been studied since the early 1970s. Plate tectonic models based on geologic evidence have been used to relate the counterclockwise rotation of the Sardinia block with respect to Europe north of the Pyrenees, to the opening of the Bay of Biscay [ Van der Voo, 1969; Cohen, 1981; Olivet, 1996] during the Aptian [Gong et al., 2008] , whereas a wealth of paleomagnetic, radiometric, and marine geophysical data revealed the subsequent counterclockwise rotation of the Sardinia and Corsica blocks during the opening of the Liguro-Provençal Basin in the Miocene [Alvarez et al., 1973; de Jong et al., 1973; Manzoni, 1975; Cohen, 1981; Montigny et al., 1981; Vigliotti et al., 1990; Ferrandini et al., 2003] . Paleomagnetic data from Permian and Carboniferous rocks of Sardinia [Zijderveld et al., 1970; Edel et al., 1981; Edel, 2000; Moser et al., 2005; Emmer et al., 2005 , and references therein] revealed the existence of a complex tectonic history characterized by large-scale differential block rotations between individual basins. The origin and geodynamic significance of these differential block rotations observed in Permian rocks of Sardinia are not clearly understood nor is their timing accurately constrained. These rotations may have originated as a consequence of (1) transpressive dextral wrenching related to the late Variscan orogeny [Edel, 2000] , (2) Late Paleozoic 1 post-Variscan shearing between Laurasia and Gondwana [Arthaud and Matte, 1977] possibly related to the Pangea B to Pangea A transformation [Muttoni et al., 2003, chapter 5 and references therein], (3) extensional tectonics that characterized the European passive margin during Early and Middle Jurassic times [Zattin et al., 2008] , (4) subduction rollback tectonics in the Tyrrhenian Sea since Oligocene times [Helbing et al., 2006] , or (5) Cenozoic transcurrent tectonics [Carmignani et al., 1992; Pasci et al., 1998; Oggiano et al., 2009; Faccenna et al., 2002; Dieni et al., 2008] . In order to discern whether these block rotations are Permian features within a dynamic Pangea or are linked to subsequent geodynamic events, a detailed paleomagnetic study has been carried out on well-dated Jurassic sediments from four areas of Sardinia (Nurra, Baronie, BarbagiaSarcidano, and Sulcis) (Figure 1 ). This study complements the previous results obtained in the Baronie-Supramonte region by Horner and Lowrie [1981] .
Local Geological Setting and Sampling
[3] The geological record of Sardinia during the Late Carboniferous to Permian is characterized by the emplacement of granitic batholiths, the effusion of volcanic rocks of intermediate geochemistry, as well as the deposition of continental sediments of variable composition [e.g., Cortesogno et al., 1998; Cassinis et al., 1999; Ronchi et al., 2008; Rossi et al., 2009] . Marine sedimentation started in the Middle Triassic with the deposition of Muschelkalk-type limestones [Posenato et al., 2002] and ensued during the Jurassic with various sedimentary units outcropping in the Nurra, BaronieSupramonte, Barbagia-Sarcidano, and Sulcis areas (Figure 1 ) Figure 1 . (a) Simplified geological sketch map of Sardinia with major faults and dykes (modified after Cherchi et al. [2010] ). The four black boxes indicate the study areas: (b) Nurra, (c) Supramonte (Gulf of Orosei) and Monte Albo (Baronie), (d) Barbagia-Sarcidano, and (e) Sulcis. Small black dots represent sampling sites. [Cherchi et al., 2010; Jadoul et al., 2010; Dieni and Massari, 1986; Dieni et al., 1983; Costamagna, 2000] .
[4] In the northwestern basin (Nurra), Jurassic sedimentation started with $50 m of oolitic and bioclastic limestones with at the top reddish sandstones with fossiliferous calcarenites of Early Jurassic age (unit 1 after Cherchi et al. [5] In the central (Barbagia and Sarcidano) and eastern (Gulf of Orosei) basins, the Variscan basement is disconformably overlain by the Bajocian-Bathonian conglomerates and sandstone of the Genna Selole Formation [Dieni et al., 1983] , followed by several hundred meters of Bathonian-Kimmeridgian dolostones and limestones of the Dorgali, Genna Silana, and S'Adde Formations, followed at the top by the Tithonian-Berriasian limestones of the Monte Bardia Formation (Figure 3 ) [Costamagna and Barca, 2004; Costamagna et al., 2007; Jadoul et al., 2010] .
[6] The southwestern basin (Sulcis) is characterized by two sedimentary sequences of Mesozoic age [Barca and Costamagna, 1997] . The Cala Su Trigu Unit is composed of dolomites and marls with a thickness of $120 m, indicating deposition in carbonate platform settings. The Guardia Sa Perda Unit, with a total thickness of $300-350 m, consists of limestones (Punta Tonnara Formation), dolomites (Monte Zari Formation) and marly limestones (Guardia Sa Barracca Formation). They document an evolution from carbonate platform conditions to an environment of middle to outer carbonate shelf (Figure 3) . In this paper, we present paleomagnetic data from Middle and Late Jurassic sediments from all of the four Jurassic outcrop areas of Sardinia ( Figure 1 and Table 1 ).
Field and Laboratory Methods
[7] Paleomagnetic cores were taken in the field using a portable gasoline powered drill and oriented using a standard magnetic compass. All samples were studied in the paleomagnetic laboratory of the University of Munich. Standard $10 cc cylindrical cores were stepwise demagnetized using thermal (TH) or alternating field (AF) techniques. For TH and AF demagnetization, a Schoenstedt oven and a 2G Enterprises AF device were used, respectively. The magnetization was measured with a 2G Enterprises cryogenic superconducting quantum interference device magnetometer in a magnetically shielded room. Isothermal remanent magnetizations (IRM) were imparted with a magnetic measurements pulse magnetizer with peak fields of 2.3 T. Hysteresis parameters were determined using a variable field translation balance (VFTB) [Krasa et al., 2007] .
[8] Demagnetization results were plotted on orthogonal vector diagrams [Zijderveld, 1967] and analyzed using the least squares method [Kirschvink, 1980] on linear portions of the demagnetization paths defined by at least four consecutive demagnetization steps. The linear fits were anchored to the origin of the demagnetization axes where appropriate.
[9] Only occasionally the combined use of demagnetization great circles and endpoint data [McFadden and McElhinny, 1988] was used to retrieve component directions with overlapping coercivity spectra.
[10] Pilot studies demonstrate the superiority of TH on AF demagnetization, and thus the vast majority of the specimens was thermally demagnetized using increments of 30°C in a temperature range from 100°C up to a maximum of 600°C.
Results

Rock Magnetic Results
[11] Rock magnetic measurements were performed on representative samples of the different rock types sampled. Due to the overall weakness of the magnetic signal VFTB experiments turned out to be extremely difficult to perform. However, using also information from IRM acquisition curves, an adequate description of the magnetic carriers of the samples was possible to achieve.
[12] The data were corrected for diamagnetic and/or paramagnetic contributions. In general, the hysteresis loops as well as the thermomagnetic curves show the presence of at least two different magnetic phases with both varying coercivity spectra and Curie temperatures (Figure 4) . Important results of these measurements are (1) the presence of a high-coercivity mineral, Curie temperatures (2) in the range of 100 to 150°C (goethite) and (3) at $550-580°C (magnetite), (4) a hump in the thermomagnetic curves (compare Figures 4e and 4f ) starting at $420°C with a maximum at $520°C, and (5) an occasional decrease of intensity at $650°C (Figure 4) . The latter can only be observed during "in-field" heating experiments on the VFTB and is attributed to mineralogical alterations during heating such as formation of secondary magnetite from a ferric sulfate phases, which is also indicated by the sharp increase of intensity after cooling to room temperature (Figure 4f ).
Paleomagnetic Results
[13] Detailed thermal demagnetization experiments show the presence of two different magnetic components with overlapping unblocking temperature spectra, indicated by the curved shape of some orthogonal vector diagrams ( Figure 5 ). An initial low-temperature component (LTC) with high-intensity values and generally aligned along the present-day field (in in situ coordinates) was removed at low demagnetization temperatures between 100°C up to $210°C
. Eleven sites are characterized by the sole presence of the LTC pointing toward the origin of the projection. The resulting in situ LTC site mean directions are in agreement within error with the present-day field direction for a reference site in central Sardinia, and were therefore excluded from further analysis as they are considered to represent a recent overprint. A high-temperature characteristic component (HTC) of dual polarity broadly oriented to the west and up or east and down in tilt-corrected coordinates was identified as linear segments from $240°C up to $600°C in 33 sites. Some $50% of the samples display unblocking temperatures, which are in a temperature range from 520 to 580°C and are clearly indicative for magnetite. The remaining samples lost all the detectable remanent magnetization at $450°C, which might be caused by a contamination of the magnetite phase. Samples with different unblocking temperatures, however, do not show different magnetization directions of the HTC (compare Figures 5e and 5f). AF demagnetization was usually not effective in isolating the magnetic components observed during thermal demagnetization experiments. Only occasionally, AF and TH demagnetization experiments yielded comparable results ( Figure 5 ).
Nurra Region
[14] Jurassic rocks of the Nurra region in the northwestern part of Sardinia ( Figure 1b ) were sampled at eight sites (mostly in the area of Monte Alvaro-Monte Nurra, Table 1 (Table 2) .
[15] Basically, only two of these sites (OLM, GRI) show statistically reliable results including demagnetization data of more than two samples. The additional three sites of Middle Jurassic age (CAM, CCU3, CCU4) are based on only one or two samples, which show reliable demagnetization behavior. However, their results were included in the calculation of the mean directions only because of their broad coherence with the two trustable sites and because of the good quality of these individual samples.
[16] Because of homogeneous bedding attitudes, no fold test was possible to perform. However, one site where normal and reversed polarities of magnetization were observed (CAM, unit 3, Figure 2 ) passes the reversal test, classified as C according to the criteria of McFadden and McElhinny [1990] , whereas the other sites show only normal polarity characteristic components.
[17] The mean direction for rocks of Middle Jurassic age in the area is D = 259.4°, I = 43.4°, a 95 = 27.7, k = 12.0, n = 4 sites (Tables 1 and 2 (Table 3 ). Both mean in situ HTC directions show no similarity with the direction of the present-day field and are thought to reflect primary magnetizations.
[19] Grouped according to age, Late Jurassic site mean directions of the area show an increase of the Fisher precision parameter k [Fisher, 1953] from 14.3 to 60.4 after 100% tilt correction. Middle Jurassic site mean directions show no substantial changes of the precision parameter k, which can be explained by rather similar bedding characteristics of these sites (dip directions of 60°to 100°and dips of 15°to 35°).
[20] The mean direction for rocks of Middle Jurassic age in the area is D = 277.1°, I = 41.2°, a 95 = 15, k = 14.6, n = 8 sites (Tables 1 and 3 ). The mean direction for rocks of Late Jurassic age in the area is D = 278.2°, I = 49.4°, a 95 = 6.7, k = 60.4, n = 9 sites (Tables 1 and 3) .
Barbagia-Sarcidano Region
[21] In the Barbagia and Sarcidano regions, i.e., in the area of the towns of Isili, Laconi, and Nurri (Figure 1d ), twelve sites were sampled in Middle Jurassic sediments of the Dorgali Formation. Three of these sites were rejected due to a strongly developed present-day LTC overprint or because of the poor quality of the demagnetization data. The remainder of the sites yields well-defined dual polarity HT component directions (Table 4) Figure 4f shows only the normalized heating curve with the same axis. Figure 5 . Results of (a-f) thermal and (g) alternating field demagnetization experiments plotted as orthogonal vector diagrams [Zijderveld, 1967] in stratigraphic coordinates using the paleomagnetic software of Wack [2010] . Solid and open dots represent vector endpoints projected onto the horizontal and vertical planes, respectively. In Figures 5b-5d , for clarity, high natural remanent magnetization values due to strong viscous components are not plotted.
HT component directions (maximum angular deviation values between 1.6°and 4.4°based on at least 8 demagnetization steps) that yield positive reversal and fold tests ( Figure 6 and Table 4 ). The tilt-corrected site mean characteristic HT component direction is D = 257.8°and I = 25.6°( a 95 = 10.2°; k = 30.5; N = 8 samples, Tables 1 and 4).
Data Summary
[23] Except for two sites of Early Jurassic age, all other sites of Middle and Late Jurassic age from the four investigated regions yield reliable HTC directions (Table 5 and Figure 7 ). When grouped according to age, the total of 25 Middle Jurassic site mean directions from the four investigated regions show an increase of the Fisher precision parameter k from 10 to 14 after 100% tilt correction, and the reversal test after tilt correction is positive (classified as C according to the criteria of McFadden and McElhinny [1990] ). The resulting Middle Jurassic overall mean direction is D = 269.7°, I = 45.0°, k = 14.0, a 95 = 8.0°, n = 25 sites.
[24] Similarly, the total of 10 Late Jurassic site mean directions from the four investigated regions show an increase of the Fisher precision parameter k from 25.3 to 45.3 after 100% tilt correction, and a positive reversal test (classified as C according to the criteria of McFadden and McElhinny [1990] ). The resulting Late Jurassic overall Site, sampling sites; E, Early; M, Middle; L, Late Jurassic; N, number of samples used for calculating site mean directions/number of measured samples; P, magnetic polarity (N, normal; M, mixed); D, declination; I, inclination; k, Fisher precision parameter [Fisher, 1953] ; a 95 , Fisher circle of 95% confidence in geographic (in situ) and bedding-corrected (TC) coordinates.
b Well defined paleomagnetic directions with values in geographic coordinates close to the present-day field direction. Site, sampling sites; M, Middle; L, Late Jurassic; N, number of samples used for calculating site mean directions/number of measured samples; P, magnetic polarity (N, normal; M, mixed); D, declination in degrees; titI, inclination in degrees; k, Fisher precision parameter [Fisher, 1953] ; a 95 , Fisher circle of 95% confidence in geographic in situ and bedding-corrected coordinates.
b Biased direction of Jurassic mean (this study) with component of present-day field direction of the study area. mean direction is D = 275.5°, I = 50.7°, k = 45.3, a 95 = 7.2°, n = 10 sites.
[25] It has to be noted, that Nurra and Sulcis Regions might contain uncertainties, originated from insufficient statistical coverage of several sites and/or areas. To improve the spatial distribution, site mean directions obtained from only one or two samples are included in the study. This might obscure a regional systematic deviation in the order of some 10°. However, excluding all site mean directions based on less than three samples would bias the overall mean directions for Middle and Late Jurassic rocks only by less than 5°(Middle: DD = 2.4°, DI = 0.5°, Late: DD = 4.0°, DI = 0.4°).
[26] The resulting Middle and Late Jurassic paleopole positions plot at Lat = 16.5°, Long = 299.1°(dp = 6.4°, dm = 10.1°) and at Lat = 23.4°, Long = 301.2°(dp = 6.5°, dm = 9.7°), respectively. These results indicate a pretilting origin of the characteristic component directions retrieved in the Jurassic carbonates and for substantial tectonic coherence of the four investigated areas with only minor amounts of Site, sampling sites; M, Middle; L, Late Jurassic; N, number of samples used for calculating site mean directions/number of measured samples; P, magnetic polarity (N, normal; R, reversed; M, mixed); D, declination in degrees; I, inclination in degrees; k, Fisher precision parameter [Fisher, 1953] ; a 95 , Fisher circle of 95% confidence in geographic (in situ) and bedding-corrected (TC) coordinates.
b Biased direction of Jurassic mean (this study) with component of present-day field direction of the study area. [Fisher, 1953] in degrees in in situ coordinates and after bedding correction. Table 5 ).
Discussion and Conclusions
[27] Paleomagnetic analysis of Middle and Late Jurassic sedimentary rocks from 44 sites, sampled in four regions of Sardinia (Nurra, Baronie-Supramonte, Barbagia-Sarcidano and Sulcis) reveals the presence of reliable characteristic component directions carried essentially by magnetite. The uniform distribution of directional data from all over Sardinia and especially around the arc shaped Gulf of Orosei, yields no evidence for oroclinal bending as proposed by Helbing et al. [2006] . No correlation between deviation in strike and declination [Schwartz and Van der Voo, 1983] was identified when analyzing the directional data from Baronie and Supramonte (Figure 9 ).
[28] Coherent site mean directions obtained from the characteristic magnetization components allow to calculate Middle and Late Jurassic regional mean directions which are statistically indistinguishable and result in the corresponding Middle and Late Jurassic paleopoles.
[29] Middle and Late Jurassic Sardinian paleopoles were rotated into European coordinates by closing the LiguroProvençal Basin and the Bay of Biscay using rotation parameters of Gattacceca et al. [2007] and Van der Voo [1969] assuming a two step rigid body model. In a first step a rotation was applied to close the younger Liguro-Provençal Basin about an Euler pole located at Lat = 43.5°, Long = 9.5°, and a clockwise angle of rotation of 45° [Gattacceca et al., 2007] , followed by a second rotation closing the older Bay of Biscay with an Euler pole located at Lat = 43.0°, Long = À2°, and a clockwise angle of rotation of 35° [ Van der Voo, 1969; Gong et al., 2008 ]. The rotated paleopoles were then compared to the coeval paleopoles of the apparent polar wander (APW) path of Europe of Besse and Courtillot [2002] . Inspection of Figure 8 reveals that the imposed rotations bring the Sardinian paleopoles very close to the European APW path, a relatively limited statistical discrepancy seems however to persist between the rotated Sardinian paleopoles and the coeval $170-140 Ma poles of Europe. An explanation for this discrepancy might be an underestimation of the assumed rotation angle for the Sardinian microblock during the opening of the Bay of Biscay. Assuming a larger angle of rotation in the order of $60°and a similar pole of rotation would decrease the displacement of the Middle and Late Jurassic poles of Sardinia and the coeval poles of Europe (shaded poles in Figure 8 ). Alternatively, the Middle and Late Jurassic reference paleopoles of Europe are misplaced insofar as they are based on paleopole entries from limestones from central Europe that have an ambiguous smeared distribution with a suspicion of remagnetization, as extensively discussed by Muttoni et al. [2005] .
[30] Acknowledging these uncertainties, the following conclusions can be drawn:
[31] 1. Only negligible amounts of differential block rotations occurred within Sardinia since the Jurassic.
[32] 2. There is no oroclinal bending in the Gulf of Orosei as proposed by Helbing et al. [2006] .
[33] 3. Sardinia as a whole shows clear tectonic coherence with Europe during the Jurassic, and subsequently underwent a first counterclockwise rigid body rotation (juxtaposed to Iberia) during the opening of the Bay of Biscay [ Van der Voo, 1969; Cohen, 1981; Olivet, 1996] in the Aptian [Gong et al., 2008] , and a subsequent counterclockwise rotation (jointly together with Corsica) during the opening of the Liguro-Provençal Basin in the Miocene [Gattacceca et al., 2007] .
[34] 4. As a consequence of the internal tectonic coherence of Sardinia since the Middle Jurassic, the timing of large differential rotations of up to 110°found in Permian rocks from different regions of Sardinia Edel, 2000; Moser et al., 2005; Emmer et al., 2005] are constrained to a generic Permian-Early Jurassic age. These large internal rotations can therefore neither be due to extensional tectonics at the European margin during the Jurassic [Zattin et al., 2008] , nor to Alpine tectonics that started broadly in the Late Cretaceous [Rosenbaum et al., 2002] , nor to subduction-related oroclinal bending in the Cenozoic [Helbing et al., 2006] (Figure 9 ), nor to, finally, Cenozoic transcurrent tectonics [Carmignani et al., 1994] . Consequently, the internal rotations observed in Permian units must have taken place in Permian-Triassic times, after the end of the Variscan orogeny and well before the Jurassic opening of the Penninic Ocean and its subsequent closure during the Alpine orogeny.
[35] The post-Variscan period was one of intense crustal reorganization in transtensional and/or transpressional tectonic regimes. During the latest Carboniferous and Early Permian, the convergence of Gondwana and Laurussia changed from oblique collision to dextral translation along continental-scale dextral shear systems linked by secondary sinistral shears that developed in Europe and North Africa between the Uralides in the east and the Appalachians in the west [Arthaud and Matte, 1977; Blès et al., 1989; Ziegler and Dëzes, 2006; McCann et al., 2006; Cassinis et al., 2011] . This period of wrench tectonics may have culminated with the transformation of Pangea from a Pangea "B" configuration to a Pangea "A2" configuration that took place mostly during the Middle Permian [e.g., Muttoni et al., 2003, 2009, and references therein] . Sardinia and Corsica, together with the Little and Great Kabylie, and the Calabria basement, were members of the same Alboran microplate [Rosenbaum et al., 2002] , which was attached to the FrenchCatalan margin prior to Alpine-Apennine deformation in the Figure 9 . Deviations from mean values of declination (Dm) versus strike (Sm) for the data from the Gulf of Orosei (Supramonte). The linear fit shows no correlation between strike and declination and therefore suggests that no oroclinal bending is present in the area (method after Schwartz and Van der Voo [1983] ).
Cenozoic [Westphal et al., 1973 [Westphal et al., , 1976 Arthaud and Matte, 1977] . They were therefore located just where most of the inferred shearing between Gondwana and Laurussia is expected to have taken place. We therefore speculate that post-Variscan intra-Pangea wrenching and shearing may have induced the large-scale rotations of fault-bounded blocks observed in Permian units of Sardinia as well as elsewhere in Europe, e.g., in the Saint-Affrique and Brive basins of the French Massif Central [Chen et al., 2006] , as preliminarily discussed by Emmer et al. [2005] . This inference, which remains at present speculative, however, will be explored in detail in a paleomagnetic work (now in progress) on Late Paleozoic-Middle Triassic rocks of Sardinia, which we consider as geological key witnesses of a major AfricanEuropean contact zone.
